The molecular basis of the myotonic dystrophy type 1 is the expansion of a CTG repeat at the DMPK locus. The expanded disease-associated repeats are unstable in both somatic and germ lines, with a high tendency towards expansion. The rate of expansion is directly related to the size of the pathogenic allele, increasing the size heterogeneity with age. It has also been suggested that additional factors, including as yet unidenti®ed environmental factors, might affect the instability of the expanded CTG repeats to account for the observed CTG size dynamics over time. To investigate the effect of environmental factors in the CTG repeat instability, three lymphoblastoid cell lines were established from two myotonic dystrophy patients and one healthy individual, and parallel cultures were concurrently expanded in the presence or absence of the mutagenic chemical mitomycin C for a total of 12 population doublings. The new alleles arising along the passages were analysed by radioactive small pool PCR and sequencing gels. An expansion bias of the stepwise mutation was observed in a (CTG) 124 allele of a cell line harbouring two modal alleles of 28 and 124 CTG repeats. Interestingly, this expansion bias was clearly enhanced in the presence of mitomycin C. The effect of mitomycin C was also evident in the normal size alleles in two cell lines with alleles of 13/13 and 12/69 repeats, where treated cultures showed new longer alleles. In conclusion, our results indicate that mitomycin C modulates the dynamics of myotonic dystrophy-associated CTG repeats in LBCLs, enhancing the expansion bias of long-pathogenic repeats and promoting the expansion of normal length repeats.
INTRODUCTION
Myotonic dystrophy type 1 (DM1) is an autosomal dominant neuromuscular disorder with a multisystemic phenotype. The molecular basis of DM1 is the expansion of an unstable CTG repeat in the 3¢-untranslated region of the myotonic dystrophy protein kinase gene, on chromosome 19q13.3 (1) . The size of the expanded allele directly correlates with the severity of the disease (2, 3) , and the number of CTG repeats progressively increases in successive generations of DM1 families, being the molecular explanation for anticipation (4) .
Early Southern blot analysis of expanded CTG repeats revealed their somatic instability (5, 6) . Such instability was later demonstrated in both somatic and germ cells by using the small pool PCR (SP-PCR) technique (7) . Somatic tissues of DM1 patients show mosaicism for CTG repeat size and, it has been found, a high tendency towards expansion throughout their lifetime. Thus the number of CTG repeats in peripheral blood leukocytes of young patients is rather stable whereas high levels of heterogeneity are observed in older patients (6, 8) . Germ cells from DM1 patients also show a high degree of variation in repeat size, including large contractions (9, 10) .
Analysis of tissue samples from DM1 subjects revealed that the major factor affecting the rate of expansion is the initial size of the expanded allele, with increased size heterogeneity over time (6, 8) . Although the model for the somatic instability proposed by Monckton et al. (7) , based on the stepwise gain of a small number of repeats with age proceeding through expansion, agrees with these observations, a detailed analysis of the lifelong dynamics of somatic repeat size suggests that the expansion process is affected by other unknown transacting genetic factors (8) . Additional in vitro studies using lymphoblastoid cell lines (LBCL) from DM1 patients have shown that two types of mutations arise in the pathogenic CTG repeats: (i) a frequent gain or loss of a small number of repeats, which is in concordance with the stepwise model described by Monckton et al. (7) ; and (ii) a less frequent large change of the repeat size (11) , associated with a growth advantage of the cells bearing longer CTG repeats (12) . This later phenomenon has been nominated mitotic drive (12) .
The in¯uence of environmental factors on the instability of CTG repeats associated with DM1 has not yet been properly addressed, although it has been hypothesized that such factors could modulate CTG repeat instability (8) . Among these environmental factors, mutagenic compounds are good candidates since they can interfere with mechanisms known to be involved in trinucleotide repeat instability such as replication, recombination and DNA repair. In this study, we evaluate the effect of mutagenic stress on the dynamics of CTG repeat instability in mitotically dividing cells. To do so, we have established LBCLs from two DM1 patients and one normal individual to analyse the effect of mitomycin C (MMC) on the CTG repeat size dynamics of both normal length and long pathogenic alleles, along successive cell generations. The variant allele sizes in the heterogeneous population of transformed cells were resolved using the SP-PCR technique together with sequencing gel analysis. Using this procedure we have been able to study the dynamics of the CTG size and detect new alleles arising along the passages, in untreated and MMC-treated LBCL cultures.
MATERIALS AND METHODS

Lymphoblastoid cell lines and treatment
Peripheral blood samples were obtained from two symptomatic DM1 patients and one healthy individual by venipuncture, and lymphocytes were EBV-transformed into LBCLs. The cells were cultured as we previously reported (13, 14) . Transformed cells (2 Q 10 6 ) were cultured in 75 cm 2¯a sks at a concentration of 1 Q 10 5 cells/ml and allowed to grow until the culture reached 2 Q 10 7 cells (1 Q 10 6 cells/ml). These expanded cultures were passed on as follows: 2 Q 10 6 cells were transferred to new 75 cm 2¯a sks and maintained until the culture reached 2 Q 10 7 cells and then a new passage was performed. The remaining cells were split in two aliquots, one was kept frozen and the other was used for DNA extraction following a standard phenol-chloroform protocol. This procedure was repeated in each passage and the number of population doublings (PDs) in each passage was calculated.
MMC was diluted to a concentration of 1 mg/ml and stored at 4°C and treatments of the LBCL were performed by adding MMC to the medium to get a ®nal concentration of 5 ng/ml. The mutagen treatment was continuous. The effect of MMC in cell proliferation and viability was evaluated by the Cell proliferation Kit II (XTT) (Boehringer Mannheim) and thē uorescein diacetate-mediated viability assay (15) , respectively. We found that 5 ng/ml of MMC was not cytotoxic for any of the three LBCL but reduced the cell growth rate by 15% (data not shown). The effect of MMC on the culture growth dynamics is shown in the Supplementary Material available at NAR Online.
SP-PCR analysis
The concentration of the DNA extracted from the cell lines was measured spectrophotometrically and 5 mg of genomic DNA were digested with EcoRI. In order to estimate the true number of ampli®able genome equivalence (a.g.e.) in a volume of DNA sample, digested DNA was diluted in 10 mM Tris±HCl (pH 7.5), 1 mM EDTA and 5 ng/ml carrier herring sperm DNA by serial 1:10 dilution steps to a ®nal concentration of 5 pg/ml. Then the number of ampli®able molecules was determined by SP-PCR using the ®nal dilution containing 5 pg/ml of digested genomic DNA. At this level of input DNA, some reactions will fail to contain an ampli®able copy of one or the other allele, and observing the number of reactions that ampli®ed one allele or fail to amplify, the true number of a.g.e. in the input DNA was estimated (data not shown). Subsequently the CTG repeat size variations were analysed by performing 40 SP-PCRs using 200 a.g.e. of input DNA in each 25 ml reaction. The SP-PCR conditions previously described by Cobo et al. (16) were used, with some minor modi®cations. 36% of betaine (Sigma) was added to the reaction tube and the reactions were performed using the DM-93 and DM-103 primers described by Brook et al. (1) . The ampli®ed products were labelled by adding 3 mCi [a-33 P]dCTP to the SP-PCRs. Ampli®cation conditions were 94°C 3 min for 1 cycle; 96°C 45 s, 68°C 45 s, 70°C 3 min for 28 cycles, with a ®nal extension step at 68°C 1 min, 70°C 10 min, in a PT-100 Thermocycler (MJ Research, USA). Then, 7 ml of the SP-PCR products were resolved on 6% polyacrylamide sequencing gels and visualised by autoradiography. A 50 bp ladder (Amersham Biosciences) end-labelled with [g-33 P]ATP was used as a molecular size marker. The length of the CTG repeats in the long alleles was estimated by densitometry using the Molecular Analyst 1.5 software (Bio-Rad).
Statistical analysis
Statistical comparisons between mutation frequencies were performed with the Fisher's exact test.
RESULTS
To investigate the effect of MMC on the CTG repeat instability of the DM1 locus, LBCLs were established from two DM1 patients and one normal individual. The sizes of the CTG repeats on these individuals were determined in peripheral blood samples by using standard radioactive PCR (Table 1 ). After Epstein±Barr virus (EBV) transformation, the lymphoblastoid cells were expanded until 1 Q 10 6 cells/ml and the size of the CTG repeat was again analysed to establish the repeat length at the start of the experimental process. We have designated this stage as passage zero (P 0 ). Due to the heterogeneous size of the expanded CTG repeats in the peripheral blood cells of the two DM1 individuals, the LBCLs derived from their lymphocytes showed a modal pathogenic allele that differs from the modal size determined in the blood sample of the DM1 individuals. Normal size alleles, however, maintained their original size in the cell line (see Table 1 ). At P 0 , the cells were diluted to 1 Q 10 5 cells/ml in medium with and without MMC and cultures were allowed to expand up to 1 Q 10 6 cells/ml and then subpassed again. The same process was repeated four times. Following this approach, the molecular analysis of CTG instability was performed after 0, 6 and 12 PDs, both in the presence or absence of mutagenic treatment, by radioactive SP-PCR. To obtain the variant allele distribution in the cell population, at each point of the timecourse study, we performed 40 identical SP-PCRs with an input of DNA of 200 a.g.e., which represents a total of 8000 analysed alleles in each PD. Under our SP-PCR conditions, and in the range of the allele size studied (12 to 124 CTGs), the ampli®cation of the normal and the pathogenic alleles showed the same ef®ciency and, therefore, in the heterozygous LBCLs we considered a 1:1 ratio for normal and disease-causing alleles (4000 of each allele analysed at each point of study).
Mutations at the DM1-pathogenic CTG alleles
The SP-PCR approach, together with sequencing gel analysis, was applied to study the size-distribution of variant long alleles in two DM1 LBCLs, LBCL 69/12 and LBCL 124/28 . The cells were concurrently grown in the presence or absence of MMC. The SP-PCR is a technique that allows for the resolution of individual alleles by limiting the amount of input DNA in the PCR (7, 17) . However, the use of too little ampli®able DNA would limit the detection of infrequent mutant alleles, unless many PCRs are performed. On the other hand, due to the PCR stutter effect when large trinucleotide repeats are ampli®ed (18) , small variations in allele size would not be detected while larger amounts of input DNA are used. Therefore, in our experimental conditions where 200 a.g.e. of input DNA were used, small changes in the CTG repeat size of the two analysed large alleles (69 and 124 CTG repeats) were not resolved, whereas rare gross mutations were ef®ciently detected by performing 40 SP-PCRs (Fig. 1) .
The SP-PCR analysis showed that the two LBCLs with long pathogenic alleles (69 and 124 CTG repeats), growing in standard conditions (without MMC), presented two types of spontaneous CTG repeat mutations: small changes in the number of CTG repeats and large size changes in the repeat number. The small size changes were manifested as a wide band containing a modal allele. The modal allele sizes and the upper and lower limits of these bands were determined as an indication of the allele size heterogeneity, being 69 T 5 repeats for the (CTG) 69 allele and 124 T 6 repeats for the (CTG) 124 allele at P 0 . This type of mutation was constant along the passages and was detected in all the SP-PCRs performed. It is unlikely that PCR stutter could account for this type of small change in repeat size, since this experimental artefact would have an effect on repeat size no larger than a three repeat shift, as recently reported (18) . Nevertheless, whereas in the LBCL 69/12 cell line the modal (CTG) 69 allele remains the same along the passages, in the LBCL 124/28 cell line the modal (CTG) 124 allele at P 0 showed a gradual shift to slightly longer CTG tracks along the passages, being the new modal alleles 126 and 129 CTG tracks long after 6 and 12 PD, respectively (see Fig. 2 ). This shift was detected in all 40 SPPCRs performed at each point of study, and it is clear evidence of a stepwise mutation mechanism with an expansion bias. In addition, new alleles with large size changes were also detected as discrete bands outside the wide major band (see Fig. 1 ). Based on the number of SP-PCRs, the relative frequency of such mutations with respect to the modal allele was determined, and their frequency distributions are represented in Figure 2 . Large contractions and expansions were observed in both alleles and at all PD. Considering that 4000 expanded alleles per cell line were analysed at each point of study by using 200 a.g.e. of input DNA in each of the 40 SP-PCR performed, we have estimated the spontaneous frequency of large size changes at 0, 6 and 12 PD. As no differences were observed between PD, data were pooled and the overall spontaneous frequency of large mutations was 4.6 Q 10 ±3 and 2.2 Q 10 ±3 for the (CTG) 69 allele and for the (CTG) 124 allele, respectively.
MMC enhances the expansion bias of the (CTG) 124 allele
When the LBCL 69/12 and the LBCL 124/28 cultures were concurrently expanded in the presence of MMC, the same type of small changes observed in the long CTG repeats in the absence of MMC were found, i.e. along the passages a width SP-PCR band indicates the heterogeneity of the allele size around the modal allele. The heterogeneity for the (CTG) 69 and (CTG) 124 alleles was in the same range of the control experiment. As shown in Figures 2 and 3 , the major effect of the MMC was an increase in the shift towards expansion of the (CTG) 124 modal allele along the passages, compared to the control culture. Thus, the modal allele at P 0 shifts from 124 to 129 and 148 CTG repeats after 6 and 12 PD, respectively. These results clearly suggest that MMC accelerated the expansion bias of the pathogenic allele in successive cell generations. In contrast, a statistically signi®cant decrease in the number of large changes in the allele size was observed in the presence of MMC, with respect to control cultures. Thus, of 4000 alleles analysed after 12 PD, 22 and three alleles were large size variants of the (CTG) 69 allele in control and MMC-treated cultures, respectively (P < 0.001). In the case of the (CTG) 124 allele, we found 10 and four of this type of variant allele in the absence or presence of MMC, respectively (P < 0.01). A feasible explanation for this fact is that a selection against those highly MMC-damaged cells is taking place along the passages, with a consequent elimination of the infrequent types of cells in the population.
Effect of MMC on the stability of normal length DM1 alleles
At the same time that the pathogenic alleles were analysed, the distribution of normal alleles in the DM1 LBCL 69/12 and the LBCL 124/28 cell lines was explored, together with the LBCL 13/13 obtained from a healthy individual of the same age. Performing 40 SP-PCRs with an input of DNA of 200 a.g.e., we were able to detect rare alleles emerging along the passages, including those small variations in repeat number. This was due to the fact that our sequencing gel conditions led to a higher resolution on the short CTG tracks range. The distribution of the normal alleles in the three cell lines expanded in the presence or absence of MMC is shown in Figure 4 , including the relative frequencies of the rare alleles with respect to the modal normal alleles of 12, 13 and 28 CTG repeats. While both contractions and expansions of the (CTG) 12 and (CTG) 13 alleles were detected, for the (CTG) 28 allele only contractions were found. The same procedure used in the analysis of large changes in the pathogenic alleles was applied to estimate the frequency of rare alleles emerging from the normal DM1 alleles in the three cultures. Thus, at each experimental point, a total of 4000 normal alleles were analysed in the LBCL 69/12 and LBCL 124/28 cell lines and 8000 normal alleles in the LBCL 13/13 cell line. Because no differences between PD were observed, the estimated overall frequencies of spontaneous mutation (untreated cultures) of the normal alleles were 1.1 Q 10 ±3 and 8.3 Q 10 ±4 in the LBCL 69/12 and LBCL 124/28 cultures, respectively. These frequencies are signi®cantly different and greater than the frequency of 2.9 Q 10 ±4 , found in the LBCL 13/13 culture (P < 0.01 and P < 0.05, respectively).
Regarding the effect of MMC in the short alleles, we have to point out that the majority of alterations found were expansions into the normal range size. As shown in Figure 4a and b, a clear difference was observed in the length distributions of new alleles found in the MMC-treated LBCL 13/13 and LBCL 69/12 cell lines; i.e. in these cultures, after 6 and 12 PDs, new long alleles to the normal size range were apparent. Most of these new alleles have a number of repeats that exceeds twice the number of repeats of the most represented allele (range 27±29 repeats). In addition, the frequency of new long alleles found in concurrent LBCL 13/13 cultures in the absence or presence of MMC, after 6 and 12 PD, is signi®cantly higher (6.3 Q 10 ±5 versus 7.5 Q 10 ±4 , respectively; P < 0.01). In the LBCL 69/12 culture, a signi®cant effect of MMC was also observed when we considered the frequency of expansion mutations in the normal size range (1.3 Q 10 ±4 in control versus 1.0 Q 10 ±3 in MMC-treated cells; P < 0.05). In contrast, only contractions were observed in the (CTG) 28 allele of the LBCL 124/28 cell line in all PD irrespective of MMC-treatment (see Fig. 4c ).
DISCUSSION
Somatic CTG repeat instability associated with DM1 has a strong bias towards expansion that depends on the size of the repeat and the age of the affected individuals (6). In addition, previous studies on the repeat size dynamics hypothesized that environmental factors might affect the expansion process (8) .
In this study we have evaluated the effect of MMC on the instability of the CTG repeat of DM1 alleles of both normal and pathogenic length. The analysis of the CTG size dynamics was carried out in LBCLs from two DM1 patients and one normal individual. This analysis was performed along successive cell generations in a time-course study, using radioactive SP-PCR and sequencing gel analysis to resolve small variations in the CTG repeat size.
The instability of the expanded CTG alleles found in the untreated DM1 LBCLs cultures agrees with previously reported data on DM1 LBCLs (11, 12) . Thus, frequent small changes in the CTG repeat size (contractions or expansions of ®ve to six repeats) were observed along the passages, in accordance with the stepwise mutation model proposed by Monckton et al. (7) and Khajavi et al. (12) to explain the in vivo and in vitro size heterogeneity of this repeat, respectively. Moreover, and as shown in Figure 3 , the sensitive method of analysis used allowed us to detect a gradual increase of the (CTG) 124 allele size in successive cell generations, revealing the expansion bias of the stepwise mutation of this allele in short-term cultures. Such an effect was not observed in the (CTG) 69 allele. A possible explanation for the difference found between the two pathogenic alleles could be the extension time of the cultures, so that longer cultures would be necessary to detect a presumed expansion bias of the (CTG) 69 allele. Alternatively, a threshold in the number of CTG repeats might exist to display a bias towards expansion of the stepwise mutations occurring over time. Based on our results, this threshold would lie between 69±124 repeats, which includes the protomutation range (50±80 repeats), considered relatively stable in vivo somatic cells (19, 20) . In a similar study carried out in LBCLs (12) changes on repeat number. In addition, our data show no effect of MMC in the instability of the (CTG) 69 allele (see Fig. 2 ), supporting our hypothesis of the presence of a size threshold in the expansion bias of the stepwise mutations.
A less frequent type of change of the (CTG) 124 and the (CTG) 69 alleles, which corresponds to size changes exceeding ®ve to six repeats, the modal allele size was also found along the passages, displaying discrete bands on the sequencing gels (see Fig. 1 ). Unlike previous studies that reported more contractions than expansions (11, 12) , our data show that this type of variant allele included a similar number of contractions and expansions.
The clear effect of MMC on the (CTG) 124 allele instability is intriguing. MMC increased the spontaneous expansion bias of this allele along the passages resulting in a shift of 24 CTG repeats in 12 PD (from 124 to 148 repeats). One may speculate that either the (CTG) 148 allele already existed at the starting point or that this mutation arose by chance in the culture. However, independently of MMC, and regardless of the possibility that mitotic drive could increase a possible likelihood of the cells with the (CTG) 148 allele to take over the rest of the cell population through the passages, the probability of this happening by chance would be very low, considering the short term cultures established. In addition, it should be considered that these rare cells would suffer a cell drift in successive cell generations and eventually disappear from the cell population, although a counter cell drift by mitotic drive is also expected. Therefore, this indicates that MMC plays a direct role in the observed repeat expansion. MMC produces DNA interstrand cross-links that are repaired by an error prone pathway at replication, consisting in the combination of nucleic excision repair and a lesion bypass process (21) . The bypass process is responsible for the MMC S-phase dependent mutagenesis. Thus, new variant alleles could be induced by a replication-dependent stepwise mechanism in the presence of MMC. The MMC dose (5 ng/ml) used in our experiments had no effect on cell viability although it induced a 15% delay in the cell cycle and a consequent increase in the cell doubling time. As hypothesized before (11) this could be an important factor in DM1 repeat mutation. Accordingly, young patients with congenital DM1 do not manifest repeat heterogeneity regardless of the rapid cell divisions that take place in embryogenesis (22) . Taking into account the above observations, we propose that MMC induces new variant alleles in culture cells and that the genetically heterogeneous cell population would be the substrate for the selection of those cells bearing larger alleles, ultimately displacing the original cell population in few passages. This model is supported by recent published data suggesting an association between high proliferating rate and large CTG repeats (12) .
The spontaneous rates of instability of the non-pathogenic DM1 alleles in the LBCL 69/12 , LBCL 124/28 and LBCL 13/13 cell lines were in the same order of magnitude that the overall rate of instability of microsatellite sequences reported in humans (23) . However, the spontaneous mutation frequency of these normal alleles in the cell lines derived from DM1 patients was statistically higher that the mutation frequency of the allele in the cell line derived from a healthy individual. Although we do not have any feasible explanation for this ®nding, growth rate differences should be considered in interpreting our results.
The population doubling time of the DM1 cell lines LBCL 69/12 and LBCL 124/28 was 3 and 3.5 days, respectively, compared to 2 days for the LBCL 13/13 cell line. Therefore the relative lower growth rate of the DM1 cell lines would have allowed additional time for spontaneous replication-independent mutations to occur. In addition, new alleles were observed in the presence of MMC, mainly with expansion of the CTG repeat, some of them reaching 29 repeats. The trinucleotide repeat instability induced by MMC is mainly independent of mismatch repair, as we have recently reported (24) . Therefore these variant alleles could be generated by either recombination-dependent or -independent repair pathways involved in DNA interstrand cross-link repair (21, 25) . The MMC induced alleles lie within the long modal distribution of the normal size range and, therefore, could have signi®cant importance in generating new premutational alleles to maintain the high incidence of DM1 in the population (15, 26) .
In conclusion, we have found that MMC modulates the dynamics of DM1-associated CTG repeats in mitotically dividing human cells, enhancing the expansion bias of longpathogenic alleles and promoting the instability of normal length alleles. To our knowledge, this is the ®rst description of an environmental factor affecting DM1-associated trinucleotide repeat instability. Although our in vitro results in somatic cells cannot be directly extrapolated to the in vivo situation, our ®ndings suggest a novel mechanism of trinucleotide repeat instability with important clinical implications. Thus, mutagenic stress induced by environmental agents could accelerate the anticipation process and also increase the severity of the disease in symptomatic individuals due to an increased instability of the trinucleotide repeats in their somatic cells. It will be interesting to prove in mouse models whether mutagenic stress is involved in the anticipation process, by promoting the in vivo germ line expansion of trinucleotide repeats, and in the in vivo heterogeneity and mosaicism in the number of repeats.
